Abstract Activation of presynaptic group II metabotropic glutamate receptors (mGluR2/3) inhibits drug reward and drug-seeking behavior, but the role of N-acetylaspartylglutamate (NAAG), an agonist of endogenous mGluR2/3, in heroin reward and heroin-seeking behavior remained unclear. Here, we aimed to explore the effects of exogenous NAAG on heroin self-administration and heroinseeking behavior. First, rats were trained to self-administer heroin under a fixed ratio 1 (FR1) schedule for 10 days, then received NAAG (50 or 100 lg/10 lL in each nostril) in the absence or presence of LY341495 (1 mg/kg, i.p.), an antagonist of mGluR2/3, on day 11 and the effects of NAAG on heroin self-administration under FR1 were recorded for 3 consecutive days. Motivation was assessed in heroin self-administration under a progressive ratio schedule on day 11 in another 5 groups with the same doses of NAAG. Additional rats were withdrawn for 14 days after 14 days of heroin self-administration, then received the same pharmacological pretreatment and were tested for heroin-seeking behaviors induced by heroin priming or cues. The results showed that intranasal administration of NAAG significantly decreased intravenous heroin selfadministration on day 12, but not on day 11. Pretreatment with LY341495 prior to testing on day 12 prevented the inhibitory effect of NAAG on heroin reinforcement. The break-point for reward motivation was significantly reduced by NAAG. Moreover, NAAG also significantly inhibited the heroin-seeking behaviors induced by heroin priming or cues and these were restored by pretreatment with LY341495. These results demonstrated that NAAG, via activation of presynaptic mGluR2/3, attenuated the heroin reinforcement, heroin motivational value, and heroin-seeking behavior, suggesting that it may be used as an adjunct treatment for heroin addiction.
Introduction
Glutamate in the corticomesolimbic circuitry plays an important role in heroin addiction, including heroin reward and heroin-seeking behavior [1, 2] . Long-term use of drugs induces alterations in glutamatergic transmission within the nucleus accumbens (NAc), and this may underlie the relapse to heroin-seeking behaviors upon re-exposure to drugs or drug-associated stimuli following withdrawal [3] [4] [5] . Generally, activation of glutamatergic transmission, particularly at presynaptic group II metabotropic glutamate receptors (mGluR2/3), inhibits the release of dopamine (DA) and glutamate [6, 7] . Several reports have shown that systemic administration of LY379268, a well-characterized mGluR2/3 agonist [8] , attenuates some of the behavioral and neurochemical effects of psychomimetic agents including phencyclidine and amphetamine in animal models [9, 10] , decreases intravenous nicotine self-administration [11] , and reduces alcohol reinforcement [12] and the discriminative stimulus effect of alcohol [13] . Moreover, LY379268 significantly inhibits the reinstatement of heroin-seeking behavior induced by contextual or discrete cues which had been associated with the heroin reward [14, 15] . Therefore, activation of mGluR2/3 by their agonists can regulate drug reward and drug-seeking behavior.
N-acetylaspartylglutamate (NAAG) is the most abundant and widely-distributed dipeptide transmitter in the mammalian nervous system [16] . A number of studies have demonstrated that NAAG acts as an endogenous agonist for mGluR2/3 [17, 18] . NAAG is hydrolyzed into glutamate and N-acetyl-L-aspartate by glutamate carboxypeptidase II (GCP-II). A highly consistent distribution of NAAG and GCP-II in brain tissue has been confirmed by neurochemical data [19] . Systemic administration of 2-(phosphonomethyl)pentanedioic acid (2-PMPA), a selective inhibitor of GCP-II, elevates NAAG levels in the brain and subsequently prevents excessive glutamate release by activation of presynaptic mGluR2/3 [20] . Moreover, 2-PMPA inhibits cocaine-induced behavioral sensitization, conditioned place-preference (CPP), and cocaine-induced kindled seizures [21] [22] [23] . 2-PMPA also attenuates morphine tolerance and reward but not the expression of morphine dependence [24] . Recent evidence has demonstrated that 2-PMPA and NAAG inhibit the reward motivational value of cocaine under a progressive ratio (PR) and reduce the reinstatement of cocaine-seeking behavior induced by cues [25, 26] . Thus, we hypothesized that NAAG, as an endogenous agonist of mGluR2/3, may play a key role in heroin self-administration and heroinseeking behavior after withdrawal.
In the present study, we first investigated the effects of intranasal NAAG on intravenous heroin self-administration under fixed ratio 1 (FR1) or PR. Meanwhile, we investigated the effects of LY341495, an mGluR2/3 antagonist, on the inhibitory action of NAAG on heroin reward and motivational value. Second, we evaluated the effects of NAAG treatment in the absence or presence of LY341495 on heroin priming and cue-induced heroin-seeking behaviors in rats after withdrawal from heroin selfadministration.
Materials and Methods

Animals
One hundred and fifty-eight male Sprague-Dawley rats (Zhejiang Experimental Animal Center, Hangzhou, China), weighing 250-280 g at the beginning of the experiment, were housed individually in a temperature-controlled, ventilated colony room with a 12-h light/dark cycle (lights onset 19:00, offset 07:00). All experiments were conducted during the dark period according to the specifications of the National Institute of Health Guide for the Care and Use of Laboratory Animals (Eighth edition). Food and water were available ad libitum.
Heroin Self-administration
Rats were anesthetized with sodium pentobarbital (50 mg/ kg, i.p.) and implanted with chronically indwelling intravenous catheters as described previously [27] . The catheters were flushed daily with 0.3 mL saline containing penicillin B (20,000 units) and heparin (5 units) to prevent bacterial infection and maintain catheter patency. All rats were allowed to recover for at least 7 days.
After recovery from surgery, the animals were placed into operant chambers from Med Associates Inc. (Saint Albans, VT) for daily 4-h training sessions of heroin selfadministration. Every session was started with a blue light on inside the active nose-poke hole. The rat received a single heroin infusion (0.05 mg/kg in each infusion) following completion of an active nose-poke under the FR1 schedule. Each infusion was paired with a 20-s illumination of the house light in combination with the noise of the infusion pump, which therefore served as the discrete conditioned stimulus (CS) paired with drug infusion. A timeout period was imposed for 20 s, during which a response had no programmed consequences but was still recorded. Illumination of the blue light in the active nose-poke again signaled the end of the 20-s timeout period. Touching the inactive nose-poke was recorded but had no programmed consequences. All rats were trained for at least 10 consecutive days to reach stable response activity. Experiment 1. Effects of NAAG on Heroin Self-Administration Under FR1 Procedure After 10 days of heroin self-administration training, rats were randomly divided into 5 groups (8/group). The control group received bilateral intranasal saline (10 lL/ side), while those in the NAAG 50 and NAAG 100 groups received bilateral intranasal NAAG (50 and 100 lg/10 lL on each side) 1 h before testing. The rats in the NAAG?LY341495 group received bilateral intranasal NAAG (100 lg/10 lL) as above, and LY341495 (1 mg/ kg, i.p.) 30 min prior to testing. Rats in the LY341495 group received the same LY341495 treatment only, as above. Then heroin self-administration under FR1 was tested in all rats on day 11. To investigate the long-term effect of NAAG on heroin self-administration under the FR1 schedule, all groups of rats received another 2 consecutive days of heroin self-administration until baseline response activity was re-established.
Another 4 groups of rats (7/group; control, NAAG, LY341495, and NAAG?LY341495 groups) were first trained in heroin self-administration for 10 days as described above, and then given one more day (day 11) of heroin selfadministration training. On day 11, the NAAG and NAAG?LY341495 groups received bilateral intranasal NAAG (100 lg/10 lL on each side) 1 h prior to the session. On day 12, the LY341495 and NAAG?LY341495 groups received an i.p. injection of LY341495 (1 mg/kg) 30 min prior to testing. Then the heroin self-administration under FR1 reinforcement was tested.
Experiment 2. Effect of NAAG on Motivation of Heroin Self-Administration
The break-point was defined as the reward motivational value and underlined the incentive effect of heroin-taking in rats. The PR reinforcement schedule required animals to increase active nose-poking progressively for each successive infusion in the following series, within a self-administration session. The progression of ratio was calculated as follows for 28 reinforcements [28] [28] . In this experiment, rats were first trained for heroin self-administration under the FR1 schedule for 10 consecutive days to ensure the rats with the establishment of stable self-administration. Then the rats with the establishment of stable self-administration based on the numbers of active pokes on day 10 were randomly divided into 5 groups (6/group)-control, NAAG 50, NAAG 100, NAAG? LY341495, and LY341495 groups-with the same administrations as in Experiment 1. All rats underwent a 4-h test session of heroin self-administration under the PR reinforcement schedule on day 11.
Heroin-Seeking Behaviors
In these procedures, all rats were first trained for heroin self-administration for 14 days under the FR1 schedule, and the general procedure for self-administration was the same as described previously. Rats were then placed into the home chambers and withdrawn for another 14 days. After completion of withdrawal, all rats were tested for heroin priming-or cue-induced heroin-seeking behaviors.
Experiment 3. Effects of NAAG on Heroin Priming-Induced Seeking Behavior
Five groups of rats (6/group) were again placed into the operant chambers after completion of withdrawal. The control, NAAG 50, NAAG 100, NAAG?LY341495, and LY341495 groups received the same pharmacological pretreatment as described in the motivation testing, then each rat was injected with heroin (0.25 mg/kg, s.c.) 10 min before the beginning of the test. In the testing, one active nose-poke response resulted in another presentation of the CS but no heroin infusion occurred, while an inactive nosepoke response had no programmed consequences. Nosepokes including both active and inactive during this test were accumulated over 120 min.
Experiment 4. Effects of NAAG on Cue-Induced HeroinSeeking Behavior
Rats were randomly divided into the same 5 groups as in Experiment 3 (6/group). In the 2-h cue-induced heroinseeking testing, each rat was exposed to the discrete CS for 5 s at the beginning of testing in the operant chamber, after which each active nose-poke response resulted in another presentation of the CS but without heroin infusion. An inactive nose-poke response had no programmed consequences. Active and inactive nose-pokes during this test were calculated for comparison.
Reagents
Heroin (diacetylmorphine HCl) was obtained from the National Institute of Forensic Science (Beijing, China). The heroin dose (0.05 mg/kg in each injection) used for self-administration was selected based on our previous study [29] . Heroin was dissolved in sterile saline at 0.2 mg/ mL. LY341495 from Tocris Bioscience (Ellisville, MO) was dissolved in sterile saline with gentle warming for systemic administration (i.p.). NAAG (purity: [99%) synthesized by Sangon Biotech (Shanghai) Co., Ltd, China, was dissolved in sterile saline for intranasal administration.
Statistics
Data are expressed as mean ± SD. The mean numbers of active pokes, inactive pokes, and infusions during selfadministration and seeking tests were analyzed with oneway ANOVA followed by Bonferroni post-hoc test or twoway ANOVA with repeated measures. If two-way ANOVA resulted in a significant main effect or a significant interaction, a one-way ANOVA with Bonferroni post-hoc test was performed for multiple comparisons. P \ 0.05 was considered to be statistically significant.
Results
NAAG Gradually Inhibits Heroin SelfAdministration
Similar to our previous finding [29] , the active pokes and heroin infusions reached a stable high level within 10 days. On the contrary, inactive pokes remained at a low level throughout the 10 days of training (Fig. 1) .
The effect of NAAG on heroin administration was assessed in Experiment 1 under FR1 reinforcement for 3 consecutive days. Two-way ANOVA for repeated measures revealed that the active pokes had a treatment main effect (F 4,35 = 4.18, P = 0.007) and time main effect (F 2,70 = 14.22, P = 0.00007), but no treatment 9 time interaction effect (F 8,70 = 1.99, P = 0.06). However, the inactive pokes had no treatment main effect (F 4,35 = 0.45, P = 0.77), time main effect (F 2,70 = 0.39, P = 0.68), or treatment 9 time interaction effect (F 8,70 = 0.56, P = 0.81). On day 11, post-hoc Bonferroni comparisons revealed no difference in the active pokes among all groups (P [ 0.05). On day 12, multiple comparisons showed a decrease in the active pokes in the NAAG 50 (P \ 0.01), NAAG 100 (P \ 0.01), and NAAG ? LY341495 (P \ 0.01) groups, but not in the LY341495 group (P [ 0.05), when compared with the control. There was also no difference in the active pokes between NAAG 100 and NAAG?LY341495 groups (P [ 0.05). On day 13, there was no difference in the active pokes among all groups (P [ 0.05, Fig. 2A ). Two-way ANOVA also revealed that heroin infusions had a treatment main effect (F 4,35 = 6.59, P = 0.0005) and time main effect (F 2,70 = 9.72, P = 0.0002), but no treatment 9 time interaction effect (F 8,70 = 1.64, P = 0.13). On day 11, post-hoc comparisons revealed no difference in heroin infusions among all groups (all P [ 0.05). On day 12, individual group comparisons showed an inhibition of heroin infusions in the NAAG 50 (P \ 0.01), NAAG 100 (P \ 0.01), and NAAG ? LY341495 (P \ 0.01) groups, but not in the LY341495 group (P [ 0.05), when compared with the control. There was no difference in heroin infusions between the NAAG 100 and NAAG?LY341495 groups (P [ 0.05). On day 13, there was no difference in heroin infusions among all the groups (P [ 0.05, Fig. 2B ).
In the experimental setting in which LY341495 was injected 24 h after NAAG administration on day 12, twoway ANOVA revealed that the active pokes had a main effect of NAAG (F 1,12 = 4.92, P = 0.047) and an NAAG 9 LY341495 interaction effect (F 1,12 = 7.42, P = 0.018), but no LY341495 main effect (F 1,12 = 3.70, P = 0.078). Post-hoc comparisons showed an inhibition of active pokes in the NAAG group (P \ 0.01) but not in the LY341495 group (P [ 0.05), compared with control. The NAAG?LY341495 group showed a recovery effect on the active pokes (P \ 0.05) compared with the NAAG group. There was no difference in the inactive pokes among all groups (P [ 0.05, Fig. 2C ). Two-way ANOVA also revealed that heroin infusions had an NAAG main effect (F 1,12 = 5.50, P = 0.037) and an NAAG 9 LY341495 interaction effect (F 1,12 = 7.89, P = 0.016), but no LY341495 main effect (F 1,12 = 4.50, P = 0.055). Post-hoc comparisons showed an inhibition of heroin infusions in the NAAG group (P \ 0.01) but not in the LY341495 group (P [ 0.05), compared with control. The NAAG ? LY341495 group showed a recovery effect on heroin infusions (P \ 0.05) compared with the NAAG group (Fig. 2D) .
NAAG Inhibits Heroin Motivation Under the PR Procedure
One-way ANOVA revealed an inhibition of the break-point after NAAG administration (F 4,25 = 6.21, P = 0.001). Post-hoc comparisons showed an inhibition of the breakpoint in the NAAG 50 (P \ 0.05) and NAAG 100 groups (P \ 0.05), but not in the LY341495 or NAAG?LY341495 groups, when compared with control. The NAAG?LY341495 group showed a slight recovery effect on the break-point but without a statistically significant difference (P [ 0.05) when compared with the NAAG 100 group (Fig 3) .
NAAG Inhibits Heroin Priming-and Cue-Induced Heroin-Seeking Behavior
The intranasal administration of NAAG inhibited both heroin priming-induced and cue-induced heroin-seeking behavior after withdrawal in Experiments 3 and 4 (Fig. 4) . As shown in Fig. 4A , one-way ANOVA revealed an inhibition of the active pokes after NAAG administration (F 4,25 = 11.61, P = 0.0002). Post-hoc comparisons revealed a reduction in the active pokes in the NAAG 50 (P \ 0.01) and NAAG 100 groups (P \ 0.01), but not in the LY341495 group when compared with control. The NAAG?LY341495 group showed a recovery effect on the active pokes (P \ 0.05) compared with NAAG 100 group. There was no difference in the inactive pokes among all groups (P [ 0.05) Similarly, as shown in Fig. 4B , one-way ANOVA also revealed an inhibition of the active pokes after NAAG administration (F 4,25 = 9.73, P = 0.0007). Multiple comparisons revealed a reduction in the active pokes in the NAAG 50 (P \ 0.05) and NAAG 100 groups (P \ 0.01), but not in the LY341495 group compared with control. Pretreatment with LY341495 slightly reversed the NAAGinduced inhibition of active pokes during cue-induced heroin-seeking behavior. There was no difference in the inactive pokes among all groups (P [ 0.05). (1 mg/kg, i.p.) had no effects on the active pokes and heroin infusions on day 11, but significantly inhibited the active pokes and heroin infusions on day 12. The active pokes and heroin infusions in these groups recovered to normal levels on day 13. C, D. NAAG (100 lg/ 10 lL in each nostril) was administered on day 11 but LY341495 (1 mg/kg, i.p.) was injected 24 h after NAAG in this experiment. The active pokes and heroin infusions were significantly inhibited by NAAG but not with LY341495. The inhibitory effects on the active pokes and heroin infusions of NAAG were restored by the combined treatment with LY341495. (*P \ 0.05, **P \ 0.01 compared with control group; # P \ 0.05 compared with NAAG group).
Discussion
In the present study, we found that the onset time of inhibition of heroin self-administration under FR1 was 1 day, rather than 1 h, after intranasal administration of NAAG. The break-point value was immediately decreased by NAAG on heroin self-administration under the PR procedure. This inhibitory effect of NAAG on heroin selfadministration was reversed by pretreatment with LY341495, a selective antagonist of mGluR2/3. In addition, NAAG inhibited both the heroin priming-induced and cue-induced heroin-seeking behaviors after withdrawal. These data demonstrated that exogenous NAAG inhibits heroin reward, heroin motivation, and heroin-seeking behavior.
Drug self-administration is the most robust and reliable model with which to measure the rewarding effect of drugs [30] . Here, we noted that NAAG at 50 and 100 lg in each nostril only weakly affected the heroin self-administration under FR1 on the first testing day, but remarkably inhibited the self-administration on the second day. The absence of an effect of NAAG on the heroin reward on the first testing day is consistent with a previous report that intranasal administration of NAAG (100 or 300 lg in each nostril) has no effect on cocaine self-administration under the FR2 schedule [24] . One possible reason is that the rapidly cumulative infusions of heroin under the FR1 schedule induce high levels of DA in the corticomesolimbic regions. DA release in the NAc, one of the most important corticomesolimbic nuclei, has long been thought to play a critical role in mediating the drug reward effect [31] . Thus, the stronger rewarding effect produced by the higher cumulative heroin dose during the FR1 reinforcement schedule may have overcome the NAAG antagonism of the rewarding effect of heroin. This deduction is directly confirmed by a recent report that 2-PMPA, an inhibitor of GCP-II, elevates the endogenous NAAG level, and inhibits intravenous cocaine self-administration only at lower doses, but not at higher doses of cocaine [25] . During the second day, it seems that the robust increase in DA due to the direct heroin effect would exist during the test given 24 h after NAAG delivery. However, an elevated NAAG level in the brain may combat the gradual release of DA at the beginning of heroin administration during the second day of training, and subsequently NAAG may play an inhibitory role in the heroin reward. NAAG at doses that effectively inhibit cocaine reward and relapse behavior fails to affect sucrose self-administration [24, 25] . Thus, NAAG may specifically inhibit the heroin reward at a slow rate.
PR reinforcement has been used to measure the degree of reinforcing efficacy [32] . The break-point value represents the motivation value of drug-taking. NAAG clearly inhibited the heroin motivation value under the PR reinforcement procedure. That the cumulative dose of heroin in the PR reinforcement schedule was lower than in the FR1 reinforcement schedule, and the FR1 schedule demands less work to achieve the reward effects [33] , may provide a possible explanation for the absence of effective action of NAAG on heroin self-administration on the first testing day. A previous study has shown that LY341495, a selective antagonist of mGluR2/3, has no effect on locomotor activity at 1 mg/kg [34] . The inhibitory action of NAAG on both the heroin self-administration on the second testing day and the heroin motivation was partially reversed by pretreatment with LY341495, showing a specific reversal action of LY341495 on the inhibitory effect of NAAG in heroin reward and motivation. mGluR2/ 3 is mainly localized presynaptically on glutamate nerve terminals, and reduces the stimulated release of glutamate. The evidence shows that glutamate is co-released with DA in the NAc after injection of various drugs [35, 36] , and the release of DA in the NAc is directly or indirectly regulated by the glutamate terminals of axons projecting from the prefrontal cortex, amygdala, or hippocampus [1] . Thus, NAAG might decrease the glutamate and DA levels in the NAc via activation of presynaptic mGluR2/3 and inhibit the heroin rewarding effect by negative feedback.
Glutamate release in the corticomesolimbic regions is critical for heroin-and cue-induced heroin-seeking [3] . N-acetylcysteine, which keeps the extracellular concentration of glutamate in the corticomesolimbic regions in the normal physiological range by restoring cystine-glutamate exchange, induces an enduring reduction in heroin-and cue-induced heroin-seeking behavior [5] . In the present study, the rats were withdrawn from heroin administration but the contextual seeking behaviors were not extinguished. Contextual cues may also contribute to the heroinseeking behavior induced by heroin-priming or cues after withdrawal. Elevation of endogenous NAAG by 2-PMPA prevents excessive glutamate release by activating presynaptic mGluR2/3 [37] . Moreover, 2-PMPA at doses that inhibit cocaine reward and relapse does not affect the sucrose-seeking behavior [24, 25] . LY379268, at doses effective in attenuating heroin-seeking behavior, also attenuates sucrose-seeking but not sucrose self-administration in rats [38] . The pharmacological effects of LY379268 may be mediated predominantly by activation of a subtype of mGlu2 receptors although it has a relatively higher selectivity for mGlu2 (EC 50 = 2.69 nmol/L) then for mGlu3 (EC 50 = 4.48 nmol/L) receptors [39] . On the other hand, stimulation of postsynaptic mGluR2/3 modulates neuronal excitability and plasticity via intracellular mechanisms such as the modulation of ion channels. However, it was not clear whether postsynaptic mGluR2/3 is involved in the drug reward or drug-seeking behavior [40] . Thus, the present data provide evidence that exogenous NAAG inhibits heroin-seeking behavior via activation of presynaptic mGluR2/3. NAAG here was given intranasally and not intraperitoneally, due to the peptide's poor bioavailability and difficulty in penetrating the blood-brain barrier. The literature shows that a wide variety of therapeutic compounds such as peptides and proteins can be delivered intranasally [41] . This mode of drug delivery provides numerous benefits, including a large surface area for absorption, no first-pass metabolism, and direct delivery into the CNS. Compared to LY379268, NAAG has several unique pharmacological properties. First, LY379268, at the doses used, not only inhibits heroin relapse, but also inhibits natural (sucrose-seeking) behavior [14] . Increasing the brain NAAG level dose not affect natural seeking behavior at its effective doses to inhibit drug-seeking behavior [25, 42] . Second, the therapeutic effects and the suppression of motor activity of LY379268 have rapid tolerance [8, 43] . However, a crucial caveat in the present study is that the rate of absorption of NAAG into the brain and level of endogenous NAAG after intranasal administration need to be elucidated.
In conclusion, the results of the present study demonstrated that the exogenous delivery of NAAG had a slow inhibitory effect on heroin reward, produced rapid inhibitory effects on the heroin motivation and heroinand cue-induced heroin-seeking behaviors. Elevation of the brain NAAG level may activate the presynaptic mGluR2/3 and subsequently reduce the heroin reward and heroinseeking, suggesting the potential use of NAAG in the treatment of heroin addiction.
